This paper describes some of the recent progress in Molecular Tagging Velocimetry and its applications. A brief overview of the different molecular tagging methods mostly in use today is given. Improvements in tagging, detection, and processing schemes, allow whole-field measurements of two components of the velocity vector simultaneously at more than 600 points over a plane with sufficient accuracy to make this technique a viable tool for fluid flow studies. Application of MTV to several flow fields are described to highlight some of the capabilities of this technique. The examples include boundary-layer resolved measurements of unsteady boundary layer separation, slow convective flow in directional solidification, intake flow into a model IC engine, and the hot flow in late compression of a motored IC engine. Finally, examples are given to illustrate the potential for simultaneous flow visualization/passive scalar and velocity measurements, as well as threecomponent velocimetry using stereo imaging.
Introduction
Use of molecular tagging approaches for fluid flow velocimetry is a relatively recent development. A variety of molecules have been utilized for this purpose and, regardless of the details of the photophysics of each, their application to fluid dynamics measurements can be discussed under a common heading of Molecular Tagging Velocimetry (MTV). This method of velocimetry relies on molecules that can be turned into long lifetime tracers upon excitation by photons of an appropriate wavelength. Typically a pulsed laser is used to "tag" the regions of interest, and those tagged regions are interrogated at two successive times within the lifetime of the tracer. The measured Lagrangian displacement vector provides the estimate of the velocity vector. This technique can be thought of as essentially the molecular counterpart of Particle Image Velocimetry (PIV), and complements it where the use of seed particles is either not desirable or may lead to complications connected to tracking the flow, density mismatch, particle seeding density or strong out-of-plane motions.
A new user of the MTV approach is confronted with basically two primary issues: the choice of the molecular tracer, and the actual implementation in terms of the method of tagging, detection, and data processing. There is often no standard method of implementing MTV and each user has to adapt the technique to the unique aspects and specific demands of the particular flow under investigation. For example, the tracer is first __________________ Copyright © 1999 by M. Koochesfahani. Published by the American Institute of Aeronautics and Astronautics, Inc. with permission. * Associate Professor selected based on the fluid medium and the range of speeds to be measured in a flow, in conjunction with flow facility compatibility issues. Sometimes a suitable tracer may not exist at all. The photophysics of the tracer, in turn, dictates the type and number of photon sources needed. The method of tagging and detection are determined by how many velocity components need to measured and the required accuracy of those measurements. The sensitivity and signal to noise characteristics of detection play a major role in the accuracy of the displacement measurements and also impacts the minimum required laser energy. The tagging method can influence the choice of the data processing scheme for extracting the displacement information.
Considering the number of inter-related issues involved, the best way to succeed is perhaps to become familiar with the advantages and disadvantages of all the different available methods for each step. One can then "pick and choose" from a "toolbox" of these different methods the combinations that better suite the particular application. Having this approach in mind, the purpose of this paper is to give a brief overview of the different molecular tagging methods mostly in use today including the developments from our group. Examples of our application of MTV to various flow fields are provided to highlight some of the capabilities of this technique. These examples include boundary-layer resolved measurements of unsteady boundary layer separation, slow convective flow in directional solidification, intake flow into a steady model of an IC engine, and the hot flow in late compression of a motored IC engine. The capability of MTV for velocimetry in highly 3-D flows with strong out-of-plane motions has been demonstrated also, but will not be described here. Finally examples are given to illustrate the potential for simultaneous flow visualization/passive scalar and velocity measurements, and three-component velocimetry using stereo imaging.
are offset by the need to use special fluids such as
Molecular Tracers
A molecular complex is suitable for molecular tagging applications if its lifetime as a tracer is long enough relative to the flow convection time scale to allow sufficient displacement of the tagged regions. It is also important to recognize that, in practice, the maximum needed lifetime of a tracer for a given flow field is dictated by the sensitivity of detection; see example 2 in Section 3. In this section the primary molecular tracers in use today for liquid and gas phase applications are described. The reader is encouraged to consult the cited references for each case for further details. Two earlier reviews also contain information 1, 2 on this topic.
Liquid-Phase Applications
Three molecular tracers have been most widely used to date: photochromic molecules, caged fluorescent compounds, and specially engineered water-soluble phosphorescent supramolecules. Since none of them is naturally present in the flowing media where they are typically used, these molecules are first premixed in the flowing liquid. All the liquid-phase flow examples given in Section 4 of this paper take advantage of phosphorescent supramolecules.
MTV investigations in liquid-phase flows have, until recently, relied on photochromic molecules. In a photochromic process a molecule M is excited to produce a high energy form of M, designated M, which has a different absorption spectrum giving rise to a color change (e.g. from clear to dark blue). The long lifetime tracer is the newly produced M, which persists for several seconds to minutes. The tagging process (i.e. the nonradiative conversion from M to M) occurs rapidly (within the duration of a few nanosecond long laser pulse). The photochromic process is reversible, therefore the chemical is reusable. Photochromic dyes are generally insoluble in water, so organic liquids such as kerosene are typically used as the flowing medium. The use of photochromic chemicals requires two photon sources; typically a UV laser (e.g. = 351 nm) to induce the color change and a white light source to interrogate the tagged regions convected by the flow. Hummel 6, 7 drawback in using photochromic chemicals is that the image is produced by a change in absorbance, thereby requiring a measurement of the difference between incident and transmitted light. Emitted light (against a black background) is more easily and accurately detected than transmitted light; consequently, images based on luminescence are better suited to MTV applications. Nevertheless, photochromics are being used effectively to advance the understanding of flow physics . [8] [9] [10] Caged fluorescein and similar water-soluble compounds have recently become available, and their use was first introduced by Lempert, et al. under the 11 acronym PHANTOMM (PHoto-Activated Non-intrusive Tracking of Molecular Motion). In this compound a chemical group is attached to fluorescein in order to render it non-fluorescent. The caging group is removed upon absorption of UV photons ( = 350 nm), thereby creating regular fluorescein which fluoresces with a very high quantum efficiency. Here the long-lifetime tracer is the uncaged fluorescein, which persists for a very long time and can be interrogated at the time of interest through its luminescence upon re-irradiation. Two sources of photons are therefore needed, one to break the cage and the other to excite fluorescence. Two aspects of the current design of caged fluorescein require special attention when designing an experiment: The cagebreaking process is irreversible, so each caged molecule can be used only once. The cage-breaking process is not rapid and occurs with a time constant on the order of a few milliseconds. The delay between laser tagging and the generation of enough fluorescein to obtain an image with sufficient signal/noise dictates the fastest flow speeds that can be accommodated. On the other hand, very slow speed flows can be handled with ease considering the very long lifetime (practically infinite) of the uncaged fluorescein. Several novel applications using caged fluorescein have already been reported . [12] [13] [14] Phosphorescent supramolecules are a new class of water-soluble compounds suitable for molecular tagging diagnostics. When a phosphorescent compound is used for molecular tagging, excitation by photons produces a long-lived excited state which is interrogated through its phosphorescence emission as the molecule radiatively returns to its ground state. The long lifetime tracer is the excited state molecule itself. In this case only one source of photons is needed, the tagging process occurs during the laser pulse (a few nanoseconds in our case), and the excitation/emission process is reversible, which means the chemicals are reusable. The difficulty is that long- supramolecules may be designed to exhibit long-lived humid air or that generated as a result of combustion. As phosphorescence which is not quenched. The design a result, their use is often referred to as "unseeded" prevents the quenching of a lumophore by mixing application. By contrast, biacetyl must first be seeded certain alcohols (indicated collectively by "ROH") with into the flowing gas stream. All the gas-phase flow an aqueous solution of a cyclodextrin (CD) cup that examples given in Section 4 of this paper take advantage contains the lumophore. Cyclodextrins are molecules of biacetyl's phosphorescence. constructed from sugars connected in a head-to-tail arrangement forming a cup-shaped cavity. The CD used in the applications to date is Gß-CD, which is constructed of 7 glucose subunits with one additional glucose bonded to the rim of the cup to improve its solubility in water, the lumophore is 1-bromonaphthalene (1-BrNp) which absorbs efficiently at = 308 nm, and the alcohol is typically cyclohexanol.
According to previous studies the addition of alcohol One disadvantage of the phosphorescent supramoledelay between tagging and interrogation of order 10 µs cules described here is their lower quantum efficiency or less, although time delays of order 100 µs should be (1 = 0.035) compared to that of uncaged fluorescein possible in pure oxygen or air. It is worth noting that e (1 = 0.90). This is offset, however, by the advantages of tagging by a nonlinear optical process requires high e reusability, the need for only one photon source, and a intensity sources, and it may be difficult to tag large lower cost (estimated to be between 5 to 100 times less, regions (i.e. dimensions larger than of order 1 cm) in a depending on whether a CW or pulsed laser source is flow. used to interrogate the uncaged fluorescein). Regardless of these comparisons, very low speed flows necessitating extremely long delay times between tagging and interrogation are best investigated using caged fluorescein or photochromic dyes. In this connection, it is again useful to recall that luminescence lifetime refers to the time when the emission has decayed to 37% (e ) -1 of its initial intensity. When using a phosphorescent complex, the actual usable delay time between laser tagging and interrogation can be considerably longer than the lifetime and is dictated by the sensitivity of detection used; see example in Section 4.2.
Utilization of phosphorescent compounds has been reported in a variety of recent fluid flow studies .
2, 18-24
Gas-Phase Applications
The majority of gas-phase applications to date have under the acronym OTV (Ozone Tagging [29] [30] [31] Velocimetry). In this method, the long lifetime tracer is O which is generated by photodissociation of O using fluorescence. Two sources of photons are therefore needed for this approach. The ozone tracer is a very long-lived molecular tracer in dry or humid air at room temperature, and even in the presence of NO. The delay times between tagging and interrogation of order milliseconds have been reported, making OTV suitable for low speed flows as well. When applying this technique to high speed flows, one should be aware of the fact that the formation of this molecular tracer (i.e. O production) is not rapid and occurs over a time scale 3 of 20 µs (time to reach 50% of maximum concentration). peaks at 270 nm, and 420 nm . In our work (see In a situation similar to caged fluorescein, the delay Section 4), a XeCl excimer laser ( = 308 nm) is usually between laser tagging and the generation of enough used as the excitation source. The long-lived ozone to obtain an image with sufficient signal/noise phosphorescence of biacetyl can have a lifetime as high dictates the fastest flow speeds that can be as 1.5 ms in the absence of oxygen. The observed accommodated. Ozone tagging is not practical for hot lifetime can be lower in practice due to increasing photon flows (e.g. temperature beyond 500 K) due to the thermal flux and small amounts of oxygen in the flow system; a decomposition of O soon after formation.
lifetime of order 100 µs is typical in our experiments.
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In yet another unseeded method of velocimetry for flows which contain water vapor, photon excitation is used to generate OH by photodissociation of H O. The 2 long lifetime tracer is OH which is then interrogated through its fluorescence using a second photon source. The original development of this tagging approach 32, 33 utilized two-photon photodissociation of water vapor using a 248 nm excimer laser and the resulting OH was interrogated by its fluorescence excited at 308 nm. Advances in this approach have recently been reported under the acronym HTV (Hydroxyl Tagging 34, 35 Velocimetry). In these developments, single-photon dissociation of vibrationally-excited water vapor by an ArF excimer laser ( = 193 nm) generates OH photoproducts at a concentration higher than the ambient. The tagged regions are interrogated using OH fluorescence caused by excitation from a KrF excimer laser ( = 248 nm). The utility of OH tagging is primarily to high temperature, high speed flow fields . 35 The recent developments under HTV have increased the size of the region that can be tagged due to the singlephoton process used. In addition, since HTV and OTV use common photon wavelengths for tagging and interrogation, both can be used simultaneously to quantify the velocity field in adjacent low and high temperature flows typical of combustion environments.
Some of the popular tracers such as biacetyl and acetone, which have often been used for flow visualization and LIF concentration measurements, also exhibit phosphorescence which can be used for MTV applications. In this case only one photon source is needed. The tagging process occurs during the brief laser pulse and the long lifetime tracer is the excited state molecule itself. However, because phosphorescence of these molecules is effectively quenched by oxygen, their use is limited to oxygen-free environments (typically N 2 is used). Even though the potential of biacetyl as a molecular tracer for velocimetry has been known for sometime , it is only recently that detailed multi-point [36] [37] [38] [39] measurements have been carried out with it . The [40] [41] [42] properties of biacetyl (also called 2,3-Butanedione) have been studied extensively in the past. It is non-toxic (actually a food additive with a butter smell), and its relatively high vapor pressure (40 Torr at room temperature) allows a molar seeding fraction of about 5%. Biacetyl has a broad absorption spectrum with two 42 Some of the advantages of using biacetyl are that only one photon source is needed and UV detection is not necessary (phosphorescence emission is green/yellow). However, because its use is limited to oxygen-free flows, biacetyl is not a practical molecular tag for general wind tunnel use.
Details of MTV Implementation
Regardless of the different complexities of the photophysics of the molecular tracers used for MTV, they all share certain common issues when they are applied to study fluid flows. These issues are discussed in this section. The details of implementation play an important role in making such techniques accurate and useful tools for flow studies.
Tagging Methods
Tagging along single or multiple lines is perhaps the simplest method of tagging and has been utilized in a large fraction of studies to date . The 3,4,11-14,21,25- 29, 36 velocity is determined from the displacement of the tagged lines in much the same manner as using hydrogen bubble lines generated by a wire . An example of line 43 tagging is shown in Figure 1 illustrating the region (about 28 mm × 24 mm) downstream of a nitrogen round jet (diameter 7 mm) seeded with biacetyl. The jet speed is approximately 180 m/s and the image is captured 10 µs after laser firing. The first tagged line visible on the left is located about 1.2 jet diameters downstream of the nozzle lip. The displacement of the tagged lines clearly shows the general evolution in the jet potential core. The maximum displacement of the tagged line in the center of the jet is about 1.8 mm (nearly 18 pixels).
It is very important to recognize that line tagging allows the measurement of only one component of velocity, that normal to the tagged line. In addition, the estimate of this velocity component has an inherent error associated with it, which is connected with the ambiguity in the unique determination of the displacements of various portions of a (continuous) tagged line. Following previous analyses , this error can be cast in the form 2, 21 u/u = tan (u/y) t, where u is the estimated velocity component normal to the tagged line, u is the error in the estimated velocity, is the local flow angle given by decreasing the delay time t, but it cannot be made arbitrarily small, since t has to be large enough for the resulting displacement of the tagged line to be measured with adequate accuracy. While keeping these issues in mind, it is sometimes possible to take advantage of an a priori knowledge of the flow field under investigation to design the experimental parameters such that the inherent error discussed here becomes minimal compared to other to be used for tagging purposes, they offer a simple way measurement errors .
to generate arbitrary slot patterns for optimizing the 21 In order to unambiguously measure two components of the velocity in a plane, the luminescence intensity field from a tagged region must have spatial gradients in two, preferably orthogonal, directions. For single-point velocimetry, this is easily achieved using a pair of crossing laser beams; a grid of intersecting laser lines allows multi-point velocity measurements. This tagging scheme, first suggested by D'Arco, et al. and later 44 improved upon and utilized by Falco & Chu , is 5 commonly used these days.
In our method of implementation, described in details elsewhere , the 18 main beam of an excimer laser is manipulated by cylindrical optics to increase its aspect ratio. The outgoing beam is split using a 50:50 beam splitter, and
Tagging by a non-uniform laser illumination in the then each of the resultant beams passes through a beam form of a grid is needed when the molecular tracer is blocker to generate the laser grid pattern. Spherical present uniformly in the fluid. This method is only a lenses are used as needed to control the spatial scaling of special case of a more generalized approach to induce a the entire grid pattern. The beam blocker is simply a spatially non-uniform luminescence intensity in a tagged metallic plate with a series of thin slots to block a region. For example, the non-uniform passive scalar portion of the incident beam. Even though the beam field typical of most turbulent flows can sometimes be blockers allow a smaller fraction of the total laser energy used as a natural source of luminescence non-uniformity width and the number of laser lines for a particular experiment, or when beams of non-uniform thickness are needed to simplify the spatial correlation procedure (described in Section 3.3). Figure 2 shows an example of a region tagged by a grid pattern generated in this manner using a beam blocker with nearly uniform slot width and spacing. This example, taken from a water study of the flow field of a vortex ring impacting a solid wall at normal incidence , shows both the initially 18, 22 tagged regions and their subsequent evolution after a time delay. The resultant velocity vector field derived from this image pair (see Section 3.3) is depicted in Figure 3 . In our work involving both liquid phase and gas often leads to a degraded S/N in the delayed image, phase flows, 25 × 25 grid patterns resulting in the which reduces the sub-pixel accuracy in determining the simultaneous measurement of over 600 independent displacement (see next section). For the typical values velocity vectors per plane are common. In a recent of t in our experiments, we obtain maximum work between 600 to 800 vectors were measured per displacements in the range of 10 pixels corresponding to 24 plane. The limitation in our work is not the available a real displacement in the range of 0.4 to 1.5 mm, laser energy; the energy for each tagging beam is in the depending on the image ratio. range 1-2 mJ or less for the gas-phase and liquid-phase flows we have studied. Instead, the maximum vector density per plane is limited by the pixel density of our current detector arrays which are nominally in the 512× 512 pixel range. It is expected that the velocity measurement density will increase proportionally as denser detector arrays are utilized.
Detection
The common element among most previous studies is that a single detector is used; the initial (or reference) tagging pattern is recorded once, usually at the beginning of the experiment, and then the "delayed" images are acquired. This approach works well as long as the initial tagging pattern remains spatially invariant throughout the experiment. Otherwise, any variations in the initial pattern (e.g. due to laser beam pointing instability, vibration of the optics, non-uniform tracer distribution, etc.) could be misinterpreted as flow velocity fluctuations. In order to minimize the potential problem just noted, and to create a more flexible system to accommodate cases where no assumption can be made a priori about the intensity field in a tagged region, we have implemented a two-detector imaging system . 2, 18 The experimental arrangement, shown in Figure 4 , involves a link between the pulsed laser and the two image detectors through a digital delay generator. Immediately after the laser fires, the first detector records an initial image of the tagged flow, and after a prescribed time delay t, the second detector records a later image.
In our work utilizing phosphorescent tracers, only a single laser is involved. For tracers requiring a second photon source for interrogation through fluorescence, the second laser would be required to output two pulses t apart.
In the arrangement shown in Figure 4 , the two detectors view the same region of interest in the flow through a cube beam splitter. The two cameras are typically aligned to better than a pixel; the relative displacement field between the two detectors is taken into account when computing the actual displacement due to the flow for each image pair. The selection of the time delay between tagging and interrogation is dictated by several factors. A larger delay will produce larger displacements and therefore a higher dynamic range in the velocity measurement. However, an increase in t It is clear that single camera detection will be adequate as long as the initial tagging pattern varies less than the sub-pixel accuracy required of the displacement measurement. Depending on the image field of view, a typical 0.1 sub-pixel accuracy (see Section 3.3) would suggest that the initial tagging pattern would have to be invariant to within a few microns. As new detector technologies develop, the possibility of replacing the two-detector system with "double-frame" single cameras, or other such variations, certainly exists . Most gas-18 phase applications have utilized gated image-intensified detectors, whereas for some liquid-phase applications standard CCD cameras are adequate. In our work in liquid-phase, we use non-intensified frame transfer cameras typically for fields of view larger than about 3 cm.
For smaller fields of view, and in gas-phase applications, we use gated image-intensified detectors. These detectors are all nominally 512× 512 pixel arrays operating at 30 frame/s. The images are digitized to 8 bits by two image acquisition/ processing systems and transferred onto high capacity disk arrays in real time.
Processing
It is desirable to determine the displacement vector of the tagged regions with the highest possible sub-pixel accuracy in order to increase the dynamic range of the velocity measurements. In addition, for a given required dynamic range, a higher sub-pixel accuracy will allow a shorter time delay t to be used between the two images, thereby increasing the bandwidth in measuring unsteady flow phenomena.
The usual method for finding the displacement of tagged lines or grids has been to locate the center of each line through various techniques. Most of the recent techniques use the best fit to an assumed laser line shape, for example, a gaussian intensity distribution. A systematic statistical study of the performance of this approach while considering the effects of experimental parameters such as image signal to noise ratio has not been reported. However, a recent study gives the 21 accuracy in determining the displacement vector to be ±0.35 pixel rms. The performance of this method will suffer when the intensity distribution of the tagged regions cannot be assumed in advance, for example, due to non-uniform tracer distribution, difficulties associated with laser beam transmission through a flowing medium, bleaching effects, etc.
We have taken a different approach in an attempt to implement a generalized scheme that is independent of the specific intensity distribution within a tagged region and which can accommodate arbitrary tagging patterns including those due to non-uniform scalar mixing fields. The displacement of the tagged regions is determined using a direct digital spatial correlation technique. The details of this approach and its performance are described elsewhere . A small window, referred to as 45 the source window, is selected from a tagged region in the earlier image, and it is spatially correlated with a larger roam window in the second image. A well-defined correlation peak occurs at the location corresponding to the displacement of the tagged region by the flow; the displacement peak is located to sub-pixel accuracy using a multi-dimensional polynomial fit. This procedure is similar to what could be used in DPIV processing of particle image pairs. One advantage of this processing technique over traditional line-center methods is robustness to the presence of noise due to the averaging process inherent in the correlation procedure. Based on both experiments and an extensive statistical study on the performance of this correlation approach, we have found that we can typically measure the displacement of the tagged regions with a 95% confidence limit of ±0.1 subpixel accuracy (i.e. 95% of the displacement measurements are accurate to better than 0.1 pixel). This corresponds to an rms accuracy of ±0.05 pixel, assuming a Gaussian distribution for error. For high values of image S/N, the 95% confidence level can be as high as 0.015 pixel . 45 An example of the application of this processing method was shown in Figure 3 (data shown are "raw" and not post-processed), and several more will be described in the next section. The processing of long sequences of MTV image pairs has been automated through a common C algorithm running on both Unix and PC systems. While running on a Silicon Graphics R-10000 CPU, the processing speed is about 40 vector/s and about 50% slower when running on a 400-MHZ PentiumII PC. The algorithm has not been optimized for processing speed and improvements are likely.
Examples of MTV Measurements
This section describes several examples to illustrate some of the capabilities of the MTV technique for studying fluid flows. Measurements have also been carried out successfully in flows with strong out-of-plane motions where the primary flow direction is normal to the tagged plane , but those will not be discussed here. 2, 24 In all the measurements described here a Lambda Physik XeCl excimer laser ( = 308 nm) was used to provide 20 ns pulses with a pulse energy between 50 and 200 mJ. As mentioned earlier, the energy per tagging beam is in the range 1-2 mJ or less. The detectors utilized are Pulnix (TM-9701) frame transfer (non-intensified) CCD cameras and Xybion (ISG-350-GW3) gated imageintensified cameras, all operating at 30 frame/s.
Boundary-Layer Resolved Measurements of Pitching Airfoil Leading-Edge Separation
When an airfoil dynamically pitches to high angles of attack the viscous boundary layer near the leading edge eventually separates and causes catastrophic events such as dynamic stall. Two-dimensional Navier-Stokes computations have been available for this flow field in the Reynolds number range Re = 10 , where the C 4 boundary layer is laminar and the computations can avoid the artifacts of turbulence modeling. However, the details of the flow within the boundary layer at the onset of separation have not been captured experimentally to date.
MTV measurements have recently been completed , providing the first detailed map of the 23 events that occur within the boundary layer near the surface of a pitching airfoil. This is an example of the type of detailed measurements that are possible with molecular tagging techniques in studying fundamental flow phenomena.
The measurements are carried out in a 60 cm × 60 cm water tunnel using a 12-cm chord NACA-0012 airfoil The range of spatial scales in this problem is larger than those we are able to resolve with a single field of view, bearing in mind the maximum vector density we can measure currently (see Section 3.1). As a result, these measurements are carried out over multiple fields of view with decreasing size producing a large data set (117 GB of image data). The success of this approach requires sufficient repeatability of the flow features, a requirement that is satisfied for the cases shown here. The data from different fields of view are compiled into a single data set with over 10,000 velocity vectors per plane for each 0.25 degree change in angle of attack. The non-dimensional vorticity field computed from this data set at four angles of attack near the onset of leading-edge separation is shown in Figure. 5. Among the details resolved in these measurements are the occurrence of a thin reversed flow region near the airfoil surface, and the eruption of the boundary layer vorticity away from the wall in a highly localized manner (both in time and space). A conclusion from our experimental data is that the process of boundary layer separation occurs over a shorter time scale, and is more eruptive, than that captured by the computations.
Measurement of Buoyancy-Driven Convective Flow during Solidification
Solidifying a binary alloy under off-eutectic conditions is often accompanied by convection in the melt. The convection mechanisms caused by solutal and thermal forces for such conditions can produce inhomogeneities and imperfections such as solute-rich channels in the final fully solidified ingot casting. While the convective phenomena involved in the formation of these imperfections are not completely understood, it is generally accepted that they are best described in terms of complex dynamic fields and that most experimental methods applied to date are poorly suited to measure these fields. One means of learning more about these phenomena has been the use of transparent analogs of metallic alloys. One such analog is the binary aqueous ammonium chloride (NH Cl-H O) system. Some of the 4 2 complex features of convective phenomena associated with solidification in the aqueous ammonium chloride include: the vertical growth of a solid/liquid interface with concurrent early development of numerous fine structures of salt fingers followed by the appearance of a small number of plumes ejecting fluid jets from channels in the mushy zone of the growing dendritic crystal mass. The shadowgraph picture in Figure 6 illustrates a small number of relatively large plumes formed from a large number of fine structures later in the solidification process . 46 Measurement of this flow field by particle-based techniques is problematic since the presence of particles could interfere with the solidification process and create unwanted nucleation sites. The MTV approach using phosphorescent supramolecules was used to measure the velocity profile across a plume for the first time . A 46 line was tagged across the plume and its displacement was interrogated 60 ms later. Such a long delay was required due to the slow flow speeds involved. Figure 7 shows the measured instantaneous velocity profile across a single plume. The upward jet-like velocity field within the plume is captured along with a non-symmetric downward flow around the plume. Note the peak velocity is only 8 mm/s (nearly 8 pixel displacement) and the width of the plume is about 2 mm. Also of interest is the fact that the delay time for interrogation is 12 times longer than the phosphorescence lifetime (i.e. e point) -1 of the tracer, requiring the use of an intensified camera for detection.
Measurements in a "Steady Flow Rig" Model of an IC Engine
This example illustrates a gas-phase application of MTV based on the phosphorescence of biacetyl. The steady flow rig configuration is commonly used in the IC engine research community to study the fundamentals of the intake flow.
The rig consists of a quartz cylinder of radius R = o 41 mm, placed axisymmetrically around a nozzle with a valve body placed axisymmetrically inside the jet nozzle. In this case the flow exiting through the valve opening, which simulates the intake flow into an IC engine geometry, is in the form of an annular jet. In this study, the valve opening (valve lift) is set at # = 9 mm and the maximum intake speed is about 10 m/s. The instantaneous accelerations in the shear layer at the interface between the intake jet and adjacent fluid can be as high as 5000 g, making it difficult to rely on the results of particle-based techniques. The details of this work can be found elsewhere .
41,42
Figure 8 displays a 3 cm × 3 cm field of view in the nitrogen/biacetyl flow being investigated and the regions tagged by a grid pattern. Part of the valve body and the left wall of the cylinder are visible in the picture. The maximum flow speed in the annular jet entering the cylinder is about 10 m/s. Also shown is an example of the later image of the tagged regions after a 50 µs delay. For this time delay, the maximum displacement of tagged regions is about 8 pixels ( 500 µm). Image pairs such as those in Figure 8 have been used to determine the instantaneous radial and axial velocity components in this flow field. An example of the instantaneous velocity field and the structure of the intake flow in this geometry is shown in Figure 9 along with the average velocity field based on 320 realizations. The instantaneous flow map shows a highly unsteady intake annular jet, which as has an undulating appearance with opposite sign large scale vortical structures on its two sides. The mean flow map indicates a large scale region of recirculation in the upper left corner of the engine cylinder, a feature typical of an IC engine flow field. These data have also been used to derive other properties of the flow such as the instantaneous and average vorticity fields and velocity fluctuations .
41,42
Velocity Field during Late Compression in IC Engine
This study highlights the utility of MTV diagnostics in a highly unsteady flow at a relatively high temperature. Using nitrogen seeded with biacetyl as the working fluid, velocity field data were obtained using MTV during late compression of an internal combustion engine, the most critical time of the four-stroke cycle. Such data are highly sought since the state of the flow just before the firing of the spark plug directly influences the subsequent combustion and emission production. A motored research engine operating at a compression ratio of 10 was utilized. Figure 10 depicts four independent samples of the velocity map at a crank angle CA = 296 degrees, as the piston approaches the Top Dead Center (TDC) of the engine. At the late compression condition described here the gas temperature can reach a value as high as 600K. In the configuration studied, it is found that the cycle-to-cycle variability can cause high velocity fluctuations exceeding 50% of the mean value . The 47 velocity vector density in Figure 10 is much lower than previous examples shown; the primary goal here was to establish the feasibility of such measurement at these temperatures. This work is continuing with the purpose of quantifying and understanding the cycle-to-cycle variability in an internal combustion engine. One advantage of molecular tagging velocimetry is that it may be combined with other molecular techniques, such as laser induced fluorescence (LIF), to allow the simultaneous measurements of multiple variables in a flow. An example is given here to demonstrate the utility of this approach; other approaches and examples have been given previously . 2, 18 In fluid flow studies it is common to visualize the overall structure of the flow using a passive scalar marker to label the flowing stream. However, it is the structure and dynamics of the vorticity field which determine the flow behavior. By combining standard LIF techniques using fluorescein and MTV using the phosphorescent supramolecules, we have developed a means to simultaneously measure the vorticity field and [48] [49] [50] is done by taking advantage of the minimal interaction between the two molecules due to their spectral characteristics. The examples shown in Figure 11 illustrate the connection between the vorticity field and the resulting flow structure in a perturbed two-stream wake. The grid tagging pattern used for MTV is also utilized for LIF and allows the visualization of the lower stream seeded with fluorescein. A CCD camera acquires the LIF image during the 20ns pulse of the laser, while a 2-detector arrangement records the MTV image pairs generated from the same laser pulse. Results in Figure  11 show that for a high perturbation amplitude the vorticity contours are centered about the cores of the "jelly-roll" patterns shown by the flow visualization. At low perturbation amplitude, however, the vorticity contours reveal regions of vorticity that are not readily identified by flow visualization alone. Since the LIF images can be quantified to yield passive scalar mixing data, the approach just described can be used to obtain simultaneous measurements of the velocity and passive scalar concentration fields. This has been done in a turbulent mixing layer, leading to the measurement of the profiles of velocity-concentration correlations .
Low-amplitude perturbation
48-50
Three-Component Velocimetry
The final example presented here gives preliminary results from ongoing work to extend the MTV technique to measure all three components of the velocity vector over a plane. The approach uses stereo imaging in much the same manner as that implemented in machine vision and stereo PIV. This new capability is demonstrated in mapping the highly three-dimensional flow field near a model boat propeller rotating at 250 rpm inside a closed container, see Figure 12 . The imaged region is approximately 3 cm × 3 cm. An example of the instantaneous measurement of the three components (u,v,w) of the velocity field and the spanwise vorticity field (% ) is provided in Figure 13 , and the z corresponding mean field is depicted in Figure 14 . The instantaneous field indicates a strong out of plane motion with all three components of the velocity field nearly equal. It is interesting to note that the highest level of out of plane velocity (i.e. w) occurs in a well defined peak nearly at the same location as the (negative) peak of spanwise vorticity. The mean field clearly shows the predominant downward flow generated by the propeller.
Conclusions
Recent progress in Molecular Tagging Velocimetry and its applications in gas-phase and liquid-phase flows have been described. This measurement technique can be thought of as the molecular counterpart of PIV, and complements it where the use of seed particles is either not desirable or may lead to complications. Molecular tagging velocimetry can also be combined with other molecular techniques, such as laser induced fluorescence (LIF), to allow the simultaneous measurements of multiple variables in a flow. This method of velocimetry has continuously evolved and is now being utilized as a useful tool for fluid flow studies. As new molecular tracers become available, the variety of flow environments to which this method of velocimetry may be applied is expected to expand. Using phosphorescent tracers, application of MTV to several flow fields are described to highlight some of the capabilities of this technique.
The examples include boundary-layer resolved measurements of unsteady boundary layer separation, slow convective flow in directional solidification, intake flow into a model IC engine, the hot flow in late compression of a motored IC engine, and three-component velocimetry using stereo imaging.
